In many parts of the world there are significant seasonal variations in the production of the main organic wastes, food and green wastes. These waste types display significant differences in their biodegradation rates. This study investigated the options for ensuring process stability during the start up and operation of thermophilic high-solids anaerobic digestion of feedstock composed of varying proportions of food and green wastes. The results show that high seed sludge to feedstock ratio (or low waste loading rate) is necessary for ensuring process pH stability without chemical addition. It was also found that the proportion of green wastes in the feedstock can be used to regulate process pH, particularly when operating at high waste loading rates (or low seed sludge to feedstock ratios). The need for chemical pH correction during start-up and digestion operation decreased with increase in green wastes content of the feedstock. Food wastes were found to be more readily biodegradable leading to higher solids reduction while green wastes brought about pH stability and higher digestate solid content. Combining both waste types in various proportions brought about feedstock with varying buffering capacity and digestion performance. Thus, careful selection of feedstock composition can minimise the need for chemical pH regulation as well as reducing the cost for digestate dewatering for final disposal.
Introduction
The organic fraction of municipal solid waste (OFMSW) is a rich source of organic carbon, which can potentially be recycled for energy recovery and for the production of soil conditioners. The economic performance of biogas is thus dependent on the nature and type of wastes digested. As high biogas yield and fertiliser of high quality is only obtainable from source-separated OFMSW, more information is required on the role of waste composition on the digestion process. This is particularly important in areas that undergo significant seasonal variations relating to population, agricultural and outdoor activities, such as mountainous and isolated tourist areas.
The economic viability and sustainability of any anaerobic system depends on process stability. Extreme pH fluctuations during the digestion process (including start-up) may lead to process failure. To ensure process stability in anaerobic treatment systems treating highly putrescible wastes, pH is usually regulated by the addition of lime or other chemical buffers. These chemicals are expensive and their addition may sometimes present technical difficulties to plant operators. Alternatively, pH regulation can be carried out by operating at low loading rate, which may lead to poor biogas production and hence, uneconomical operation.
For quick start-up and high loading rates to be achieved in any solid waste digestion system, the process stability will depend mainly on pH stability of the digesting feedstock. Variations in the nature of available raw feedstock can bring about changes in the requirement for, or amount of, chemical buffer needed to ensure process stability.
Thus, understanding the effect of feedstock composition on digester pH variation will assist in informing the appropriate proportion of the different waste stocks required in order to minimise the complexities of chemical pH correction.
Food wastes from kitchens and restaurants, livestock wastes and green wastes from gardens, parks, forests and agricultural activities as well as wood chips are some of the organic matter suitable for anaerobic digestion in these isolated rural areas. In small rural tourist regions, there will be significant seasonal variations in the production of these waste types. Food and livestock wastes are relatively wet and decompose rapidly (Mata-Alvarez, 2003) . Their digestion may lead to high initial acid accumulation resulting in acid pH, thus necessitating the need for pH correction to prevent process failure. In comparison green wastes and wood chips are relatively dry and decompose slowly. With these wastes as the main feedstock in any digestion process, there will be less likelihood of high initial acid accumulation, and thus little need for pH regulation.
Apart from the nature of waste, the rate of digestion will also depend on the type of digestion process (low solid or high solids) and the digestion temperature (mesophilic or thermophilic). In comparison to low solids digestion, high solids anaerobic digestion has been reported as being more effective in biogas production (McDougall et al., 2001 ). An additional benefit of high solids digestion is that the resulting digestate does not require dewatering before land application (Cecchi et al., 2002) . Thermophilic high solids anaerobic digestion systems have been found to be faster and produce three times more biogas compared to those operated at mesophilic temperatures (Cecchi et al., 2002) with less offensive solids (Di-Stephano et al., 2004) and can accommodate higher organic loadings at shorter retention times (Mata-Alvarez et al., 2000) .
The study reported in this paper investigated options for ensuring process stability during the start up and operation of thermophilic high-solids anaerobic digestion of different types of solid wastes that are usually produced in highly variable proportions in small and mobile communities. The study aimed to evaluate: † the effect of seed sludge to feedstock ratio during the digestion process † the effect of varying proportions of waste types on the natural pH regulation during digestion.
Material and methods

Waste composition
Green waste. Model green waste was prepared by mixing freshly mown grass clippings with dried fine wood chips and water at a w/w ratio of 3:2:1, respectively. The mixture had a total solids (TS) level of 35%; total volatile solids (TVS) 34% and carbon to nitrogen (C/N) ratio of 34.8.
Food waste. Model food waste was composed of a mixture of the foods, comprising cooked pasta (22%), cooked meat (9%), lettuce (11%), carrots (3%), potato (44%) and milk (11%). It was cooked from fresh by boiling in water for 20 minutes, drained and mixed in a food processor for 30 seconds to a smooth paste. The mixture had TS 20.8%, TVS 20.4% and C/N ratio of 13.0.
Seed sludge. The seed sludge consisted of digestate biomass taken from a continuous flow thermophilic anaerobic reactor treating a solid waste mixture of green and food wastes. The feed substrate had TS 29.9%; VS 29.1% and C/N ratio of 19.5. The seed sludge had TS 23.6%, VS 13.1% and C/N ratio 23.7.
Experimental methodology
Determination of the biodegradability potential of food and green wastes
These experiments were carried out with relatively high seed sludge to feedstock ratio of 9 in order to prevent volatile acids build-up which might lead to low pH during digestion. Triplicate samples of 10 g each of 50:50 (w/w) mixed food and green wastes, mixed food wastes only and green wastes only were each mixed with 90 g of seed sludge and placed in 500 ml plastic gastight vessels, with a port attached to a 4 litre gas-bag. Three blanks, containing only 90 g of seed sludge, were run in parallel with the samples. The headspaces of all the assays were flushed with nitrogen gas for 2 minutes before sealing. The vessels were incubated at 55 8C and the weight loss and biogas production was measured daily over a period of seven days. The digestate samples were collected from each vessel at the end of digestion for physical and chemical analysis.
Determination of the effect of feed composition on natural pH buffer
This experiment was carried out with lower seed sludge to feedstock ratio of 0.25 (or high waste loading), to encourage organic acid build-up during digestion. About 500 g each of five duplicate cultures of food waste (FW), green waste (GW) and seed sludge (AS) in various proportions, viz: FW 80%, GW 0%, AS 20%; FW 40%, GW 40%, AS 20%; FW 60%, GW 20%, AS 20%; GW 60%, FW 20%, AS 20%; and FW 0%, GW 80%, AS 20% were prepared in three-litre capacity digesters. The cultures were named A 1 , B 1 , C 1 , D 1 and E 1 respectively and to each was added 0.06% (of their respective total solids content) of NaHCO 3 as a chemical pH buffer, as recommended by Brummeler et al. (1991) . Duplicates cultures A 2 , B 2 , C 2 , D 2 , and E 2 were made without adding the NaHCO 3 buffer. The headspaces of all the assays were flushed with nitrogen gas for 2minutes before sealing. The vessels were incubated at 55 8C and the digestate physical and chemical characteristics were measured after 15 days of digestion.
Method of analysis
The moisture content was measured gravimetrically by drying the samples at 103 8C for 24 hours. Volatile solids were measured gravimetrically following incineration at 430 8C for 8 hours according to Standard Methods (APHA, 1992). Gas volume was measured by water displacement. Methane content of the produced biogas was calculated from the volume reduction by bubbling the collected biogas twice through a solution of 1M NaOH at a rate of 1 litre/min to remove CO 2 . Carbon and nitrogen ratios were analysed using a mass spectrophotometer. For this test, samples were finely ground in a ball mill and approximately 1 mg samples were weighed into 6 £ 4 mm tin cups for analysis by continuous flow Dumas combustion using a Europa Scientific (Crewe, UK) sample converter. Nitrogen and carbon were selectively detected (as N 2 and CO 2 ) using a Europa Scientific ANCASL mass spectrophotometer 2,020 (Scrimgeour and Robinson (2003) ).
Results and discussion
Digestion performance at high seed sludge to feedstock ratio (or low waste loading) Figure 1 shows the results obtained for biogas production (net of the effect of the blank experiment containing only the seed sludge). This graph shows that the 7-day biogas productions (BGP7) were 492 and 174 cc/gTVS initial for fresh food and green wastes respectively. The methane content of the biogas produced was measured consistently at 62%. Figure 2 shows the rate and degree of VS reduction. Volatile solids reduction of 78%, 22% and 49% (net of blank experiment results) were achieved for food, green and 50:50 mixture wastes respectively. These observations were consistent with the biogas production shown in Figure 1 .
These results clearly reflect the highly biodegradable nature of the food waste in comparison to the green waste. Throughout the digestion period, the digestate pH values for all the cultures were between 6.0 and 7.5.It was believed that the high proportion of the seed sludge relative to the feedstock contributed in maintaining the pH in the optimum range of anaerobic digestion process, particularly for the cultures containing only the food wastes.
Taking account of the biogas production and VS reduction achieved, the mean average biogas production rates per gram volatile solids removed (VSr) for each of the substrates were 635, 737 and 751 cc/gVS r for food, green and mixed waste respectively. Digestion performance at low seed sludge to feedstock ratio (or high waste loading)
The pH values of the cultures measured at the end of the 15-day digestion period show that generally buffered cultures showed greater pH stability compared to non-buffered ones. Amongst the sampled cultures, pH resilience was greater in cultures composed mainly of GW as shown in Figure 3 . Where FW dominated the feedstock as in culture A, low pH was observed indicating excessive accumulation of fatty acids. Chemical addition Figure 2 Volatile solids reduction during digestion Figure 1 Biogas production from fresh organic wastes did not seem to have a significant impact on these cultures (A). On the other hand, cultures with higher GW content recorded high pH values at the end of digestion indicating that these cultures underwent a slower rate of acidification than those containing predominantly food wastes. For these cultures with higher GW content, the addition of buffer did not seem to be of any benefit to the digestion process. Thus, for relatively low seed sludge to feedstock ratio, the need for chemical pH correction during start-up and digestion operation decreases with increase in GW proportion of waste feedstock.
These results also show that literature estimations of the quantity of buffer chemicals needed to ensure optimum pH buffer may not necessarily achieve the desired results when digesting readily biodegradable wastes. It may be necessary to carry out benchscale studies to determine the correct dose for a given waste type and combination. Figure 4 confirms that GW is less readily biodegradable than FW, and hence its ability to act as a pH regulator. The relatively low solid reduction recorded for cultures A (when compared with the near 80% shown in Figure 2 ) was believed to be caused by the low pH values observed in these cultures.
In general, the moisture content of the digestates increased with increase in the amount of VS reduction, i.e. decreasing with increase in GW content of the raw feedstock. For cultures containing mainly FW, the digestate contained less that 2% dry solids at the end of digestion period. Where there are restrictions in the application of liquid sludge to land, the addition of GW can reduce the need for post digestion dewatering which may be necessary for the final disposal of the digestates, thus bringing about a significant reduction in overall waste management costs.
Conclusions
These results reflect the highly biodegradable nature of the food waste in comparison to the green waste and the importance of the seed sludge to feedstock ratio in process stability during digestion. A high ratio is necessary to ensure process pH stability without chemical addition. This study also shows that the proportion of green wastes in the feedstock can be used to ensure process pH stability, particularly when operating at high waste loading rates (or low seed sludge to feedstock ratios). Under these conditions, the need for chemical pH correction during start-up and digestion operation will decrease with increase in the GW proportion of the feedstock. Food wastes were found to have a greater impact on feedstock biodegradability (and solid reduction) while green wastes enhances pH stability. Combining FW and GW in various proportions brought about a feedstock with a natural buffering capacity and varying performance in solids reduction during digestion.
For the thermophilic high solids digestions carried out in this study, the mean average biogas production rates per gram volatile solids removed (VS r ) for each of the substrates were found to be 635, 737 and 751 cc/gVS r for food only, green only and mixed (i.e. 50% food and 50% green wastes) waste respectively.
The solid content of digestates was found to increase with an increase in green wastes content of the feedstock. Post digestion digestate dewatering required for some final disposal routes (e.g. land application, agricultural use, landfill sites) may be reduced by combining FW and GW in various proportions.
In conclusion, this study has shown that careful selection of the feedstock composition can minimise the need for artificial pH regulation as well as reducing the cost for digestate dewatering for final disposal.
